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In Brief
Class I bHLH proneural proteins are highly conserved transcription factors generally recognized as critical for neurogenesis. D'Rozario et al. show that the Drosophila and mouse class I bHLH proteins Daughterless and Tcf4 are present in postmitotic, differentiated neurons and function to restrict neurite branch and synapse number.
INTRODUCTION
Proneural proteins of the class I/II basic-helix-loop-helix (bHLH) family are transcription factors that are highly conserved from invertebrates to humans (reviewed in Guillemot, 2007; Powell and Jarman, 2008) . Class I bHLH proteins are expressed in a broad number of tissues during development, while class II bHLH protein expression is more tissue restricted. Generally, class I bHLH proteins heterodimerize with class II bHLH proteins to activate gene expression (Powell and Jarman, 2008) . However, class I bHLH proteins have also been reported to homodimerize (Cabrera and Alonso, 1991) and restrict (Lim et al., 2008) or activate gene expression. Class I bHLH proteins also form heterodimers with class V bHLH proteins of the inhibitor of differentiation (ID) family. This I/V interaction inhibits class I bHLH DNA binding and functions as a dominantnegative interaction to compete against binding of type I factors with type II factors, thus preventing gene expression (Massari and Murre, 2000; Quednow et al., 2014) .
Our current understanding of the function of class I/II bHLH transcription factors in both invertebrate and vertebrate neurobiology is largely focused on their function as master regulators of embryonic neurogenesis (Powell and Jarman, 2008) . A wealth of literature shows that the expression of class I/II bHLH proteins is both necessary and sufficient to initiate programs that lead to the differentiation of neural stem/progenitor cells (NSCs/NPCs) (Guillemot, 2007) . However, we are also beginning to appreciate the roles that class II bHLH proteins play in terminally differentiated cells. For example, in Drosophila, the class II bHLH protein Atonal functions to promote postmitotic neuron migration, axon guidance, and arborization in the dorsal cluster neurons in the brain (Hassan et al., 2000) . In mammals, the Atonal homolog Atoh1/Math1 is essential for migration of postmitotic retrotrapezoid nucleus neurons required for proper respiration (Huang et al., 2012) . However, to date, there is no published finding on the function of any class I bHLH protein in postmitotic neurons in either vertebrates or invertebrates.
Mutations in Transcription Factor 4 (TCF4; a human class I bHLH protein) have been reliably identified in genome-wide association studies as a susceptibility risk factor for schizophrenia (Schizophrenia Psychiatric GWAS, 2011; Stefansson et al., 2009; Steinberg et al., 2011) and have also been associated with Pitt-Hopkins syndrome (Amiel et al., 2007; Brockschmidt et al., 2007; Sepp et al., 2012; Zweier et al., 2007) . It is unknown whether these diseases are due to defects in neurogenesis, in mature differentiated cells, or both. Literature suggests that disrupted neurogenesis and/or neural differentiation may be partly responsible. For example, Tcf4 is expressed widely in the nervous system during mouse embryonic development and is also expressed in germinal layers (dentate gyrus, subventricular zone, and rostral migratory stream) of the postnatal mouse brain (Flora et al., 2007) . Tcf4 homozygous mutant mice are viable with normal overall brain morphology, but only live for 1-6 days (Flora et al., 2007) .
These diseases and neurocognitive disorders may also be a result of dysfunction in postmitotic/differentiated neurons. To further understand the contributions of type I bHLH proteins in postmitotic neurons, we analyzed the effect of altering daughterless (da, the only type I bHLH protein in Drosophila; Caudy et al., 1988) and Tcf4 using two genetically tractable model systems, Drosophila melanogaster and Mus musculus.
In this study, we show that Da is present in the postmitotic motor neurons of the fly neuromuscular junction (NMJ), where it functions to restrict axonal arborization in these postmitotic cells. Our data indicate that Da performs this function by restricting the expression of neurexin. Similarly, we show that Tcf4 is also present in mouse brain postmitotic neurons, and that mouse Tcf4 also functions to restrict neurite branching/synaptogenesis and neurexin expression.
RESULTS

Da Is Present in Postmitotic Neurons and Functions to
Restrict Axon Arborization at the Drosophila NMJ To investigate the role of da in postmitotic neurons, we determined whether Da protein was present in differentiated neural cells. We focused on the ventral nerve cord (VNC) of flies ( Figure 1 ) and observed extensive Da protein localization by immunohistochemistry in most cells ( Figures 1A-1C ) with an established Da antibody (Cronmiller and Cummings, 1993) . We used the Gal4/ UAS system to express a membrane-tagged GFP with the elav-Gal4 driver to exclusively identify postmitotic neurons at this stage of development White, 1988, 1991; (Figures 1A and 1B) . We observed significant localization of Da in the nuclei of multiple postmitotic neurons ( Figures 1A-1C and S1A-S1C). In order to validate the specificity of Da localization in postmitotic neurons, we used RNAi to knock down Da expression in postmitotic neurons by driving a short hairpin targeting da under UAS control (UAS-da RNAi1 ) with the elav-Gal4 driver that incorporates Dicer (UAS: Dcr2; ; . We observed an approximate 58% reduction in Da protein levels in the nuclei of elav positive VNC neurons in Da knockdown animals compared to wild-type (WT) controls ( Figure 1G ; inset in Figures 1A-1F ). We further validated the efficiency of the knockdown by RT-quantitative (q)PCR analysis and observed a roughly 54% decrease in da mRNA levels from whole third instar larval brains compared to outcrossed controls (Figures 1H and S1G) . For further validation of expression and knockdown, we utilized OK371-Gal4 as a second driver to express these transgenes in postmitotic glutamatergic motor neurons ( Figure S1 ). We again observed a significant amount of Da protein localization within postmitotic glutamatergic motor neurons marked with this driver in third instar larval VNCs (Figures S1A-S1C). Knocking down Da in these neurons led to an approximate 37% decrease in Da protein levels in situ (Figures S1D-S1G). Finally, to verify protein knockdown in whole brain tissue, we performed western blot analysis from third instar larval brains with altered Da expression in postmitotic neurons (using the elav-Gal4 driver). We observed a significant decrease in Da protein when Da was knocked down (Figures 1I and 1J) and an increase in Da protein when overexpressed compared to controls ( Figures 1I and 1J ). Taken together, these data suggest that Da is present in postmitotic, glutamatergic neurons in third instar larval VNCs, and that the elav-Gal4 and OK371-Gal4 drivers significantly knock down Da protein levels in situ with differential efficiency.
In Drosophila, the motor neurons controlling the larval NMJ have their soma in the VNC of third instar larval brains and project axons out of the VNC that synapse with the musculature in the larval body wall. As Da is abundantly present in third instar postmitotic neurons throughout the VNC, we used the well-defined innervation of the third instar Drosophila NMJ muscle 6/7 of abdominal segment 3 to analyze the effects of Da alteration on synaptic development. We used RNAi to knock down Da protein levels and a UAS:da transgenic construct to overexpress Da protein in postmitotic motor neurons (elav-Gal4) and glutamatergic neurons (OK371-Gal4). We observed a significant increase in the number of synaptic boutons when we knocked down Da levels with both drivers compared to control NMJs (Figures 2A  and 2B; Table S1 ). There was a stronger effect with the UAS: Dcr2;;elav-Gal4 driver compared to the OK371-Gal4 driver, which is consistent with the observed efficiency of Da knockdown (Figures 1 and S1). To verify the knockdown specificity, we performed three separate experiments. First, we simultaneously knocked down and overexpressed Da. With both drivers, we observed a significant rescue in the number of boutons ( Figure 2B ; Table S1 ). Second, we used a separate independent RNAi construct to knock down Da and again observed a significant increase in boutons compared to outcrossed controls (Table S1 ). Third, we expressed a nonspecific luciferase RNAi in postmitotic neurons and found no significant difference between luciferase RNAi and controls (Table S1 ). Conversely, when we overexpressed Da in postmitotic motor neurons, we observed a significant decrease in total bouton number (Figures 2A and 2B; Table S1 ).
Mature WT boutons are morphologically divergent, consisting of 1 small (s) and 1big (b) boutons. There was a significant increase in the number of both 1s and 1b boutons when we knocked down Da compared to controls ( Figure 2B ). Again, we observed rescue with Da ( Figure 2B ; Table S1 ) and obtained consistent data with a second independent RNAi line (Table  S1 ). Conversely, we observed a significant decrease in both 1s and 1b when we overexpressed Da ( Figure 2B ; Table S1 ). Thus, Da affects both 1s and 1b boutons similarly.
Examination of the branch number in each genotype revealed a significant increase in overall axonal branching (Figures 2A and 2C) , including the tertiary (Figures 2A and 2C) in motor neurons when we knocked down Da. We again observed rescue with Da ( Figure 2C ; Table S1 ) and similar results with an independent RNAi line (Table S1 ). Conversely, there was a significant decrease in overall (Figures 2A and 2C; Table S1 ) and tertiary axonal branching (Figures 2A and 2C; Table S1 ) when Da was overexpressed. Taken together, these data suggest that Da functions in postmitotic neurons to restrain axonal branching and synaptic growth of the NMJ.
Da Regulates Active Zone Number and Localization, Synaptic Transmission, and Locomotion Behavior
We next determined whether perturbation of Da in postmitotic neurons affected neuronal function. Each bouton contains several uniformly spaced active zones where presynaptic vesicles are docked and released (Kittel et al., 2006a) . These active zones are associated with electron-dense cytomatrices called T-bars (Zhai and Bellen, 2004) , which are readily marked by the presynaptic T-bar associated protein Bruchpilot (Brp), a homolog of mammalian active zone protein ELK/CAST (Kittel et al., 2006b) . We assessed whether Brp localization was changed in postmitotic neurons when Da expression was altered. We observed a significant increase in the total number of active zones (Figures S2A and S2B) with Da knockdown in postmitotic neurons using UAS: Dcr2;;elav-Gal4. However, there was no significant increase in the active zone number with Da knockdown using OK371-Gal4 ( Figure S2B ), suggesting that a stronger knockdown is required for this effect in neurons. Similarly, there were no significant differences in active zone density when using either driver to knock down Da ( Figure S2C ). Further, overexpression of Da did not result in any significant difference in active zone number (Figures S2A and S2B) or density ( Figure S2C ).
Interestingly, we did observe a mislocalization of Brp in postmitotic axons when we overexpressed Da (arrow and inset in Figure S2A) . While Brp puncta are normally restricted to presynaptic boutons in normal postmitotic axons, Brp puncta appear localized in the motor axon proper (arrow and inset in Figure S2A ) in postmitotic neurons overexpressing Da. These data suggest that there is no functional defect in Brp biosynthesis in these neurons when Da is overexpressed. Thus, the increase in Brp after Da knockdown is most likely due to the increase in the number of overall boutons, which were higher in animals when elav-Gal4 is used (significant increase in active zones) and lower in animals when OK371-Gal4 is used (no significant increase in active zones).
Given the defects we observed in bouton number, branching, and active zone localization when we altered Da levels in postmitotic neurons, we next analyzed synaptic transmission and larval locomotor behavior in these animals. We analyzed neurotransmission at muscle 6 of abdominal segment 3 or 4 using two-electrode voltage clamp. Overexpression of Da in glutamatergic postmitotic neurons led to a significant decrease in evoked eEJC amplitudes (Figures 3A and 3C) and mEJC frequency (Figures 3B and 3C) . Although we observed a trend for decreased mEJC amplitudes, this was not statistically significant (p = 0.14; Figure 3C ), and there was no significant change in quantal content after Da overexpression (data not shown). These results suggest that the significant decrease in branching and boutons we observed when we overexpressed Da in motor neurons leads to a significant decrease in neurotransmission at these synapses.
Interestingly, knock down of Da did not significantly affect neurotransmission compared to outcrossed controls ( Figures  S2D-S2F ), although we did observe a trend for decreased mEJC frequency ( Figure S2D ). Taken together, these data suggest that although the NMJ synapse is overelaborated when Da is knocked down in postmitotic motor neurons, these synapses may not be functioning at their full capacity. Therefore, we do not observe any significant increase or hyperactivity in overall synaptic transmission at these synapses. To directly validate this observation, we analyzed behavioral output of the larvae by measuring larval contraction after we knocked down and overexpressed Da in postmitotic neurons. Larval contraction relies on proper glutamatergic neurotransmission and is significantly affected by mutations that affect transmission (Sandstrom, 2004) . Thus, altered behavior after knockdown Da in postmitotic neurons would be consistent with decreased synaptic transmission overall in the animal. We observed a significant decrease in larval contractions when we both knocked down and overexpressed Da in postmitotic neurons compared to outcrossed control ( Figure 3D ). Taken together, these data suggest that misexpression of Da leads to decreased larval locomotion behavior.
Da Restriction of Axonal Branching and Synapse Formation Is Mediated by Neurexin Expression
Da binds DNA at E box (CANNTG) consensus sequences to control transcription (Cabrera and Alonso, 1991; Cronmiller and Cummings, 1993; Massari and Murre, 2000) . Therefore, we hypothesized that Da function in postmitotic neurons may be transcriptional. In an initial attempt to generate a tractable list of bona fide Da target genes, we could analyze at the larval NMJ, we used published data sets from two large-scale genome-wide analyses involving Drosophila Da and human TCF4 ( Figure S3A ). From these analyses, we identified 44 candidate genes that were specifically expressed in the fly NMJ. We sorted this list of 44 genes into categories relevant for neurotransmission, microtubule associated proteins, axon guidance, cell adhesion, and vesicle associated proteins to smaller overlapping profiles ( Figure S3A ).
To validate this approach, we performed qRT-PCR to analyze the relative mRNA levels of the neurexin (nrx-1) transcripts in larval brains when we knocked down and overexpressed Da ( Figure S3B ). nrx-1 encodes a cell surface adhesion molecule and is the only functional Neurexin protein in fly neurons (Zeng et al., 2007) . We chose nrx-1 because previous literature demonstrated that nrx-1 mutants exhibited significantly fewer boutons at the 6/7 fly larval NMJ, while increased Nrx-1 protein expression significantly increased the number of boutons . This is exactly the opposite of what we observe with Da, where decreased Da leads to increased boutons and increased Da leads to decreased boutons ( Figure 2 ). Further, human NRXN1 is a known transcriptional target of TCF4 in HEK293 cells (Forrest et al., 2012) , and fly nrx-1 is a direct transcriptional target of Da in Drosophila embryos ). Finally, TCF4 is associated with schizophrenia (Schizophrenia Psychiatric GWAS, 2011; Stefansson et al., 2009; Steinberg et al., 2011) , as is NRXN1 .
We observed a 3.21-fold increase in nrx-1 mRNA in brains where Da was knocked down (UAS: Dcr2; ; Figure S3B) . Conversely, we observed an 86% decrease in nrx-1 mRNA levels in brains where Da was overexpressed (Figure S3B) . The Nrx-1 protein is located presynaptically, interacts with neuroligin on the postsynaptic membrane at the synapse, and is important for synapse formation, synaptic growth, synaptic transmission, and function in Drosophila Zeng et al., 2007) . Because of the importance of Nrx-1 at the presynapse specifically, we analyzed the relative expression of the Nrx-1 protein at the axonal terminal boutons in animals with altered Da expression. We observed a significant increase in Nrx-1 immunolocalization in terminal axonal boutons when we knocked down Da using the elav-Gal4 driver ( Figures 4B, 4E , 4H, 4K, and 4M) compared to outcrossed controls (Figures 4A, 4D, 4G, 4J, and 4M) . Conversely, we observed a slight decrease in Nrx-1 immunolocalization in axonal terminal boutons when we overexpressed Da ( Figures 4C, 4F , 4I, 4L, and 4M). To confirm the decrease in Nrx-1 immunostaining, we utilized a nrx-1 GFP reporter construct to analyze the relative nrx-1 mediated GFP fluorescence in the VNC ( Figure S3C ). We observed a significant increase in this GFP reporter when we knocked down Da using elav-Gal4 ( Figures S3D and S3F ). Conversely, we observed a slight decrease in GFP reporter when we overexpressed Da (Figures S3E and S3F) . These data are consistent with our observations of Nrx-1 protein expression in terminal boutons when Da is altered and suggest that Da functions as a repressor of nrx-1 transcription in postmitotic neurons.
Because we observed increased Nrx-1 immunolocalization and nrx-1 GFP reporter expression in terminal boutons after Da knockdown, we determined if knock down of Nrx-1 in a background where Da was also knocked down could potentially rescue the increased bouton phenotype we observed. We coexpressed both da and nrx-1 RNAi constructs in postmitotic neurons of the fly NMJ. Knock down of Nrx-1 in cells where Da was also knocked down suppressed the significant increase in boutons ( Figure 4N ), bouton subtypes ( Figure 4O ), and active zone numbers ( Figure 4P ). Taken together, these data suggest that the increased bouton and active zone phenotype in animals where Da was knocked down may be partially mediated by increased nrx-1 expression in fly motor neurons and increased localization of Nrx-1 protein at terminal boutons in these animals.
Da Homodimers Mediate Synapse Restriction via Repression of Neurexin
Generally, class I bHLH proteins heterodimerize with other bHLH proteins to activate gene expression (Powell and Jarman, 2008) . However, class I bHLH proteins have also been reported to homodimerize (Cabrera and Alonso, 1991) . Our lab has previously shown that Da can function as both an activator and a repressor on cis-regulatory elements in the atonal gene in the same cells at a different time in development (2 hr later) (Melicharek et al., 2008) . Da repression of gene expression has been shown by others as well (Andrade-Zapata and Baonza, 2014). It is hypothesized that an increase in Da homodimers would mediate this repression and mimic Da overexpression phenotypes (Andrade-Zapata and Baonza, 2014; Bhattacharya and Baker, 2011). Therefore, we hypothesized that Da homodimers would mimic the phenotypes we observe with Da overexpression alone. Recently, peptide-linked Da homodimers were created and can be expressed in a tissue specific fashion using Gal4/ UAS . We expressed these homodimers specifically in postmitotic neurons and analyzed their effect on axon arborization at the Drosophila NMJ. Similar to Da overexpression, we observed a significant decrease in total bouton number compared to controls ( Figures S4A-S4C) , decreased 1s and 1b boutons ( Figure S4D ), decreased total branch number ( Figure S4E ), and decreased tertiary branch numbers ( Figure S4F ). We then analyzed the expression of nrx-1 in situ using the nrx1 GFP reporter construct; however, we did not obtain any viable third instar larvae (0/144) of the appropriate genotype (elav-Gal4;; nrx-1 GFP/ UAS:Da-Da), suggesting that we may be decreasing nrx-1 expression to such an extent in the nervous system in this genetic background as to induce nrx-1 mediated loss-of-function lethality. Taken together, these data suggest that Da homodimers mediate (in part) the decreased number of boutons associated with Da overexpression and suggest a potential mechanism by which Da controls axonal branching and synapse formation in these neurons.
The Mammalian Da Homolog Tcf4 Is Present in Postmitotic Neurons and Restricts Neurite Branching
Next, we determined whether this observation was conserved outside of invertebrates. Da, and its mammalian ortholog, Tcf4, share conserved functions which were recently highlighted by the finding that expression of human TCF4 can rescue loss-offunction da mutant phenotypes in Drosophila (Tamberg et al., 2015) . To explore the postmitotic neuronal function of Tcf4 in mammals, we first tested for specificity of Tcf4 antibody and efficiency of Tcf4 small interfering (si)RNA knockdown in mouse NSCs/NPCs using western blot and RT-PCR analysis ( Figure S5 ). We observed significant knock down of both Tcf4 mRNA and Tcf4 protein with multiple siRNAs targeting mouse Tcf4, suggesting that both the Tcf4 antibody and siRNA knockdown for Tcf4 are effective.
To interrogate the function of Tcf4 in mammalian postmitotic neurons, we first evaluated the cellular localization pattern of Tcf4 immunoreactivity in adult mouse brain tissues (Figures 5 and S6) . We observed that Tcf4 protein is highly localized in some, but not all postmitotic neurons throughout the adult mouse brain, predominantly in the prefrontal cortex and limbic system (i.e., hippocampus and amygdala, data not shown). Double-labeled immunofluorescent confocal imaging analysis showed punctate staining of Tcf4 in the soma and neurites of mature dopaminergic tyrosine hydroxylase (TH) positive neurons (Figure S6A) and glutamatergic (vGlut2) postmitotic neurons ( Figure S6C ). We observed both nuclear and cytoplasmic localization of Tcf4 ( Figures 5 and S6 ), which is consistent with what we observed in postmitotic neurons in the fly. We also observed only nuclear staining in some neurons or only cytoplasmic staining in most neurons ( Figures 5 and S6 ). In particular, the majority of Tcf4 immunoreactivity was found in the neuronal cytoplasmic soma and dendrites of adult mouse brains ( Figure 5A ). Multilabeled immunofluorescent histochemistry validated that Tcf4 localization was located predominantly in MAP2-positive soma and dendrites, but rarely colocalized with axonal presynaptic markers synaptophysin, NF-M, and vGlut2 ( Figures 5 and S6 ). Taken together, these data suggest that Tcf4 is both nuclear and cytoplasmic in mammalian postmitotic neurons and localized mainly to the postsynaptic soma and dendrites.
To test the hypothesis that Tcf4 also functions to restrict neurite branching in mammalian postmitotic neurons, we used lentiviral transduction to knock down Tcf4 in NSCs/NPCs derived from the subventricular zone (SVZ) of adult mouse brains. We then differentiated these cells into neurons (colabeled with Tuj1) and nonneuronal cells and after 5 days assessed morphological changes of differentiated postmitotic neurons ( Figures S7A and S7B ). We observed a significant increase in total neurite length ( Figure S7C ), although the longest neurite length was not significantly affected ( Figure S7D ). We also observed a significant increase in the total number of neurite branches ( Figure S7E ). We analyzed the type of neurite branch for each neuron and found a significant increase in the number of secondary branches ( Figure S7F ). This is similar to the phenotypes at the Drosophila NMJ, where we observed a significant increase in the number of tertiary branches. Overexpression of Tcf4 in NSCs/NPCs led to significant lethality with decreased GFP expression. Taken together, these data suggest that Tcf4, like its Drosophila ortholog, also functions to restrict neurite branching in postmitotic neurons in vitro.
To validate our in vitro findings for Tcf4 in restricting neurite branching, we used lentiviral transduction to knock down Tcf4 in the postmitotic interneurons of adult mouse olfactory bulb. To ensure that we were analyzing the morphology of mature neurons that were postmitotic, we selected a 1 month time-point after lentivirus microinjection and analyzed the morphology of newly born olfactory interneurons that have differentiated and matured from the NPCs and neuroblast cells migrated from the SVZ to the olfactory bulb in adult mouse brains (Geraerts et al., 2006) . We utilized this model for multiple reasons. First, lentivirus-mediated stable Tcf4 knockdown does not alter the ability of these labeled neural cells to undergo neurogenesis, or migrate to their proper locations, but could still potentially have an effect on the neurite branching and functional integration of the differ- entiated postmitotic neurons (Geraerts et al., 2006) . Second, the dendrites from these particular neurons form presynaptic connections to release neurotransmitter, allowing us to continue to analyze presynaptic structures that are also postmitotic (Egger et al., 2005) . However, we cannot completely rule out potential effects on NPCs using this technique.
We observed an increase in total dendritic length and dendritic length by type when we knocked down Tcf4 in olfactory interneurons using Tcf4#34 in vivo ( Figure 6B ) and observed an increase in the total number of dendrites as well ( Figure 6D ). Though we did not observe an increase in total dendritic length when we knocked down Tcf4 using Tcf4#627, we did observe a significant decrease in dendritic length by type and a trend for increased total dendritic number. We did not observe any significant difference in the total numbers of dendritic spines in any case (data not shown).
Conversely, when we overexpressed Tcf4, we observed a significant decrease in total dendritic length ( Figure 6B ), dendritic length by type ( Figure 6C ), and total number of dendrites (Figure 6D) . Taken together, these data are consistent with the phenotypes we observe in Drosophila when we decrease and increase Da expression and suggest that Tcf4 also functions to restrict dendritic branching and dendritic length in mammalian postmitotic neurons in vivo.
Neurexin Is a Direct Target of Tcf4 in Mammalian Postmitotic Neurons
To determine whether Tcf4 also regulates Neurexin (Nrxn1) in mammals, we used lentivirus-mediated siRNA to knock down Tcf4 in differentiated neural cells derived from NSCs/NPCs and analyzed Nrxn1a expression by qRT-PCR using primers specifically targeting Nrxn1a (Treutlein et al., 2014; Ushkaryov et al., 1994) , which is homologous to Drosophila nrx-1 (Zeng et al., 2007) . We observed a significant increase in Nrxn1a mRNA levels in the differentiated neural cells, but a significant decrease in the undifferentiated NSCs/NPCs upon Tcf4 knockdown as compared to scrambled siRNA controls ( Figure 7A ). We also observed significant increase in Nrxn1b and Nrxn2 mRNA expression, but decrease in Nrxn3 mRNA expression after Tcf4 knockdown in differentiated cells ( Figures 7A and 7B ). However, Nrxn1b and Nrxn2 exhibited slightly increased expression, while Nrxn3 showed no significant change after Tcf4 knockdown in the proliferating NSCs/NPCs ( Figures 7A and 7B ). During the neural cell differentiation process (the scrambled control), the mRNA expression of Nrxn1b, Nrxn2, and Nrxn3 significantly increased, but the Nrxn1a expression remained unchanged (Figures 7A and 7B) . These data suggest that Tcf4 in postmitotic neural cells suppresses Nrxn1a, Nrxn1b, and Nrxn2, but promotes Nrxn3 transcription. In proliferating NSCs/NPCs, Tcf4 is required to maintain Nrxn1a expression, but suppresses Nrxn1b and Nrxn2 transcription. These observations are similar to what we observe in Drosophila, with respect to Nrxn1 and Nrxn2, where the expression of these genes increases after Tcf4 knockdown.
Because Da has been previously shown to bind cis-regulatory elements of the nrx-1 locus in Drosophila , we determined if Tcf4 also binds to potential cis-regulatory elements of mammalian Nrxn1. We used ChIP to analyze four areas surrounding the promoters of both the Nrxn1a and Nrxn1b genes ( Figure 7C) (Treutlein et al., 2014; Ushkaryov et al., 1994) in postmitotic neurons differentiated from adult mouse NSCs/ NPCs. We utilized the ID2 promoter as a positive control for Tcf4 binding (Figures 7D-7F) . We observed a significant enrichment of Tcf4 occupancy to a various extent at all four promoter/enhancer regions of the Nrxn1a and Nrxn1b genes compared to IgG controls (Figures 7C-7G ). Taken together, these data are consistent with the data observed in Drosophila and suggest that Tcf4 binds to Nrxn1a and Nrxn1b cis-regulatory elements in postmitotic mammalian neurons to regulate Neurexin transcription.
DISCUSSION
The essential role of the proneural proteins Da/Tcf4 in neurogenesis has been long established (Guillemot, 2007; Powell and Jarman, 2008) . Here, we show that both Da and Tcf4 appear to function in a similar, unexpected fashion in postmitotic neurons by restricting the number of neurite branches. We show that Da functions to restrict axonal arborization in postmitotic neurons at the fly NMJ by repressing nrx-1 expression. We suggest that Da accomplishes this repression, at least in part, through homodimerization. We further show that the Da homolog, Tcf4, also functions to restrict neurite growth and branching in mouse postmitotic neurons. Tcf4 binds to Nrxn cis-regulatory elements in postmitotic neurons, and knock down of Tcf4 in postmitotic neurons leads to increased Nrxn mRNA expression.
How Da and Tcf4 accomplish this restriction of synapses in postmitotic neurons is currently unknown. This may be accomplished either through altered synaptic pruning of postmitotic axons and dendrites and/or may be accomplished by altering synapse development during circuit formation in these cells. This will require further experimentation to fully resolve. However, our data may indicate that the primary defect in postmitotic neurons is a defect in branching with a secondary defect in presynaptic bouton number. The fact that we do not observe a significant effect in neurotransmission when we knock down Da in postmitotic neurons, as well as the fact that Da overexpression does not alter active zone number would be consistent with a defect that is primarily in branching. However, we do observe a significant effect on larval locomotion behavior when we knock down Da. The disparity between the electrophysiology and behavioral data is likely due to differences in the number of cells involved in each response. While electrophysiology measures only the activity of two segmental motor neurons and a single postsynaptic muscle, larval locomotion requires the cumulative activity of several types of neurons in addition to postsynaptic muscles. The segmental motor neuron activity that induces muscle contraction is activated by presynaptic cholinergic neurons, limited in duration by interneurons, and coordinated between segments by sensory neurons. Therefore, changing the levels of Da in all neurons using elav-Gal4 could affect locomotion by affecting the neurons upstream of segmental motor neurons leading to behavioral phenotypes.
We suggest that Da homodimers mediate nrx-1 expression in postmitotic motor neurons. This does not rule out the possibility, however, that Da may also require heterodimerization partners to function normally in postmitotic neurons. For example, in postmitotic neurons the Id protein promotes neurite elongation by heterodimerizing and suppressing the activities of other neurogenic bHLH transcription factors such as NeuroD (Iavarone and Lasorella, 2006) . By knocking down Da/Tcf4 we may phenocopy Id repression, whereby neurogenic bHLH factors fail to heterodimerize and bind to DNA due to de facto increased Id overexpression. This may lead to neurite elongation observed both in vivo and in vitro. The discovery of Tcf4 in postmitotic neurons opens up additional possibilities for the role this protein may play in the cells and in human diseases associated with TCF4. Common small nucleotide polymorphisms in TCF4 are associated with schizophrenia (Schizophrenia Psychiatric GWAS, 2011; Quednow et al., 2014; Shi et al., 2009; Stefansson et al., 2009; Steinberg et al., 2011) , while loss of heterozygosity in TCF4 is associated with Pitt-Hopkins syndrome (Amiel et al., 2007; Brockschmidt et al., 2007; Sepp et al., 2012; Zweier et al., 2007) . Further understanding TCF4 function in postmitotic neurons could have a profound impact on our understanding of the etiology of these diseases. For example, if TCF4 functions to regulate changes in gene expression required for synaptic pruning or plasticity in mature neurons, then the manipulation of endogenous TCF4 function and/or identification of TCF4 related gene expression in postmitotic neurons in diseases might open up novel therapeutic avenues for treatment of these disorders.
In addition to TCF4, variants in NRXN1 predispose to schizophrenia and autism spectrum disorders (Duong et al., 2012; Kirov et al., 2009) . Interestingly, when Nrxn1 is specifically knocked out in adult neurons in transgenic mice, these mice exhibit autismlike behaviors including increased self-grooming and deficits in social interactions (Rabaneda et al., 2014) , linking loss of Nrxn1 function to adult, postmitotic neurons. Recent studies suggest that TCF4 and members of the Neurexin family may share a common signaling pathway and that Nrxn1 is a transcriptional target of TCF4 ). In Drosophila, loss-of-function mutations in nrx-1 lead to fewer boutons, altered active zone apposition, and disrupted synaptic transmission Zeng et al., 2007) . Conversely, overexpression of Nrx-1 leads to increased bouton numbers . In our model, we observe that reduced levels of Da lead to an increase in the levels of Nrx-1 protein, the only Neurexin in Drosophila. In mouse, we found Tcf4 binds to the promoter of both Nrxn1a and Nrxn1b and suppresses Nrxn1a and Nrxn1b expression in the differentiated neural cells. We also observed a similar effect in Nrxn2 by Tcf4 knockdown. However, we found that Nrxn3 expression is downregulated by Tcf4 knockdown in differentiated neural cells. This may reflect the distinctive function of Nrxn3 compared to Nrxn1 and Nrxn2 (Aoto et al., 2015) . The shared expression patterns and synaptic localization of Nrx-1 in Drosophila and Nrxn1 in mammalian postmitotic neurons, and the highly conserved transsynaptic function of neurexins at the synapse, suggest that Nrx-1/Nrxn1 may partially mediate Da/Tcf4 phenotypes and that this mechanism might be evolutionarily conserved.
In summary, we propose that Da/Tcf4 function in postmitotic neurons is important for properly sculpting appropriate neuronal circuitry in the nervous system. Impaired Da/Tcf4 function in these neurons can lead to defects in neural circuit formation, synaptic transmission, and behavior. This research opens up the possibility of further exploring how Da/Tcf4 affects circuit formation in postmitotic neurons and may also enhance our understanding of the pathology of human disorders associated with altered TCF4 gene expression.
EXPERIMENTAL PROCEDURES
Multilabeled Immunohistochemistry
The larval filet preparations and mouse brains were fixed with 4% paraformaldehyde. Then the tissue sections were immunostained with various antibodies for multiplex fluorescence evaluation. Additional details are found in the Supplemental Information.
Bioinformatic Analysis
To compare the gene sets, a collection of MATLAB scripts were written that utilized network programming and file operation concepts in addition to statistics. The ChIP-chip data for Da and microarray data from SH-SY5Y cells for TCF4 (Forrest et al., 2013) were utilized. Additional details are found in the Supplemental Information.
Larval Electrophysiological Recording and Behavioral Analysis
Drosophila third instar larvae were prepared for two-electrode voltage clamp recordings. Segmental nerves were stimulated with a 1 Hz 10 V pulse. Recordings were digitized and analyzed by dividing the evoked excitatory junctional current (eEJC) amplitude area with the miniature excitatory junctional current (mEJC) area. All larval behavior was digitally recorded using a Sony DCR-SR47 Handycam with Carl Zeiss optics. Additional details are found in the Supplemental Information.
Microinjection of Lentivirus in Adult Mouse Brain
Four Tcf4 siRNA expression lentiviral vectors from Applied Biological Materials were packaged in HEK293T cells. The lentiviruses were concentrated and purified by ultracentrifugation. Adult mice were anesthetized with avertin and mounted on a stereotaxic frame. The SVZ was targeted by stereotactic coordinates (from Bregma) at anterior-posterior (AP) +1.20 mm, mediallateral (ML) ± 0.75 mm and dorsal-ventral (DV) À2.4 mm. 1 ml of lentivirus was injected using a digital micromanipulator. The protocols for mouse microinjection and lentivirus gene delivery were approved by the IACUC committee at Temple University (#4324). Mice were housed in shoe boxtype cages equipped with microisolator filter units and bedding materials and fed with Lab Diet Formula and water in the recently constructed core animal facility at Temple University. Additional details are found in the Supplemental Information.
ChIP Assay
Adult mouse NSCs/NPCs were cultured in matrigel-coated 10-cm culture dish with proliferation media for 3 days and then differentiation media for 3 days. Additional details are found in the Supplemental Information. Aoto, J., Fö ldy, C., Ilcus, S.M., Tabuchi, K., and S€ udhof, T.C. (2015) . Distinct circuit-dependent functions of presynaptic neurexin-3 at GABAergic and glutamatergic synapses. Nat. Neurosci. 18, 997-1007. Bhattacharya, A., and Baker, N.E. (2011) . A network of broadly expressed HLH genes regulates tissue-specific cell fates. Cell 147, 881-892. Brockschmidt, A., Todt, U., Ryu, S., Hoischen, A., Landwehr, C., Birnbaum, S., Frenck, W., Radlwimmer, B., Lichter, P., Engels, H., et al. (2007) Supplemental Tables   Table S1. 
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental
Supplemental Experimental Procedures
Drosophila genetics
Fly stocks were maintained at 25°C on standard yeast, cornmeal, agar medium as previously described (Chakraborty et al., 2011) . For tissue-specific knockdown of da, UAS-da RNAi1 (daGD02092, Bloomington Stock Center) or UAS-da RNAi2 (da51297, Vienna Stock Center, (Yasugi et al., 2014) ) was crossed with Dcr2;;elav-Gal4
(embryonic lethal abnormal visual system gene trap (Campos et al., 1987; ) to knock down expression in all neurons or with VGlut OK155 -Gal4 (dVGLUT gene trap that restricts expression to glutamatergic neurons (Sanyal, 2009) ) to knock down expression in glutamatergic neurons. Overexpression of Da was achieved using UAS-da [a gift from Hugo Bellen as described in (Jafar-Nejad et al., 2006) . Postmitotic neurons were delineated by driving the axonal markers UASsynatobrevin-GFP, UAS-n-sybGFP, or UAS-mCD8-GFP with elav-Gal4 or VGlut OK155 -Gal4. UAS-nrx1.RNAi was a gift from Vanessa Auld as described in (Chen et al., 2010) .
For rescues, UAS-nrx1.RNAi ;; UAS-da RNAi1 and UAS-da; UAS-da RNAi1 were crossed to Dcr2;;elav-Gal4 respectively. UAS-Da-Da homodimers stocks were a gift from Wei Du as described in ]. UAS-nrx1.GFP is a reporter line generated from transgenic insertion (nrx1MB00002, Bloomington Stock Center #22662).
Immunohistochemistry and Antibodies
NMJs were made accessible via larval filet preparations. Larvae of both sexes were pinned down on petri dishes coated with Sylgard. The larvae were dissected in PBS and were immediately fixed for 25 min in 4% paraformaldehyde. Tissues were then washed in PBS containing 0.1% TritonX (PBT), permeabilized in 0.5% Triton X-100 in PBS, and blocked with 10% normal goat serum (in PBT) for 20 min. Primary and secondary antibody incubations were performed as previously described . The following mouse monoclonal antibodies from the Iowa Developmental Studies Hybridoma Bank (Iowa City, IA) were used: anti-Brp (nc82, 1:100), anti-DLG
(1:500), and anti-GluRIIA (1:100). Mouse anti-Daughterless (1:40) was a gift from from C.Cronmiller (Brown et al., 1996) . Phalloidin (Invitrogen, 1:300) staining was used to delineate muscle sarcomeres.
Larval and adult brain and NMJ images were obtained using an Olympus Fluoview laser-scanning confocal microscope. Image analysis and quantification was performed using ImageJ and Adobe Photoshop software. Brp-positive puncta were quantified using ImageJ (NIH) plugin Image-based Tool for Counting Nuclei (ITCN) as previously described (Mhatre et al., 2014) . All measurements for tissue fluorescence were performed using Image J. 
Larval behavioral analysis
All larval behavior was digitally recorded using a Sony DCR-SR47 Handycam with Carl Zeiss optics. Wandering third-instar larvae were washed with phosphate solution and placed on 9cm 5% agar plates. Larvae were given 1 minute to acclimateafter which the total distance crawled in 180 consecutive seconds was measured using ImageJ Manual Tracker software (NIH).
Bioinformatic Analysis
In an initial attempt to generate a tractable list of bona fide Da target genes we could analyze at the larval NMJ, we used published data sets from two large-scale genome-wide analyses involving Drosophila Da and human TCF4 ( Figure S4A ). (Forrest et al., 2013) . We specifically wished to compare these two lists as the first would provide a list of genes where Da was known to bind cis-regulatory elements of potential genes, while the second would provide potentially conserved target genes for TCF4 in mammalian neurons. We wrote a MATLAB script to identify genes in these two data sets that overlapped, and from this overlapping list, we selected genes expressed specifically in the fly NMJ ( Figure S4A ).
Using MATLAB's bioinformatics toolbox, we were able to obtain a MATLAB- Packaging, purification and titer determination of the lentiviruses were performed as described previously (Follenzi and Naldini, 2002; Rubinson et al., 2003) . All recombinant lentiviruses were produced from HEK293T cells after calcium phosphatemediated transient transfection of related vectors according to standard protocols.
Briefly, HEK293T cells were co-transfected with the lentiviral transfer vector (10 µg For a typical preparation, the titer was approximately 4−10x10 8 infectious units per ml.
Neural stem/progenitor cell (NSC/NPC) culture, lentivirus infection and neuronal differentiation
Primary neurosphere cultures from the subventricular zone (SVZ) of adult mice (5-6 weeks) were performed as described previously (Zhang et al., 2012) . Briefly, whole brains were cut 0.5 mm thick coronal slices by using mouse stainless steel brain were replaced with differentiation media and cultured for 5 days before immunocytochemistry and RT-qPCR as described below.
SVZ microinjection of lentivirus in adult mice
Adult mice (6 weeks old) were anesthetized with avertin and mounted on a stereotaxic frame. After gently wiping the head with 70% ethanol, a 1 cm cut was made over the skull to expose the Bregma. Stereotactic coordinates (from Bregma) were utilized as follows: anterior-posterior (AP) +1.20 mm, medial-lateral (ML) ± 0.75 mm, ΔΔCt. The qPCR analysis on Drosophila larva were performed on the third instar larva as previously described in Liebl et al., 2010) . Reverse transcription was carried out using iScript One-Step RT-PCR Kit with SYBR Green (Bio-Rad). PCR was performed using ABI 7500 Real-Time PCR System (Applied Biosystems). The fold change was determined as previously described in (Livak and Schmittgen, 2001) .
RP49, encoding a Drosophila ribosomal protein, was used as an internal control.
Western blot and Immunoprecipitation (IP)
Cells were lysed in Triton X-100-based IP buffer (20 mM Tris-HCl (pH 7.4), 1%
Triton X-100, 5 mM ethylenediaminetetraacetic acid, 5 mM dithiothreitol, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 1x nuclear extraction proteinase inhibitor cocktail (Cayman Chemical, Ann Arbor, MI), 1 mM sodium orthovanadate and 30 mM NaF.
Lysates were rotated at 4°C for 30 min. Nuclear and cellular debris in lysates were removed by centrifugation at 20,000 g for 20 min at 4°C. The protein concentration of the supernatant was determined using a Pierce BCA Protein Assay Kit (cat# 23225).
For IP, 300 µg protein lysate was incubated overnight at 4°C with 1 µg rabbit anti-Tcf4 polyclonal antibody (Proteintech) or control rabbit IgG. The immune complexes were precipitated with protein A agarose, washed four times with 0.6 M NaCl IP buffer, and then eluted by boiling for 5 min in sodium dodecyl sulphate (SDS) sample buffer. The eluted proteins were fractionated on SDS-polyacrylamide gel electrophoresis and detected by Western blotting with anti-Tcf4 polyclonal antibody (Proteintech; 1:1000).
For Western blot, an equal amount of protein lysate (20 μg) was denatured by heating for 5 min in SDS sample buffer, resolved by the SDS-polyacrylamide gel electrophoresis system using tris-glycine running buffer, and proteins in PAGE gels were transferred to nitrocellulose (NC) membrane (BioRad). The SeeBlue prestained protein standards (Invitrogen) were used as a molecular weight reference. The Odyssey CLx Infrared Fluorescent Western Blot system (LI-COR, Lincoln, NE) was used according to the manufacture's instruction. Briefly, NC membranes were blocked with Odyssey blocking buffer containing 0.1% (v/v) Tween 20. The membranes were incubated overnight at 4°C with rabbit and mouse primary antibodies as indicated and then washed several times followed by incubation with fluorescently conjugated secondary antibodies (IRDye 680LT-conjugated anti-mouse or IRDye 800CW-conjugated anti-rabbit) for 1 hour at room temperature. The membranes were scanned and analyzed using the Odyssey Infrared Imaging System. Relative signal intensities were determined using the LI-COR imaging software.
Chromatin immunoprecipitation (ChIP) assay
The DNA-chromatin of cells were cross-linked with formaldehyde for 10 min at room temperature and stopped with 0.125 M glycine. Cells were washed twice with PBS and harvested with 1 ml of IP lysis buffer containing protease and phosphatase inhibitors. After sonication (0.5-1.0 kb fragment size) and centrifugation, the supernatants were used for standard IP with 1 µg of rabbit anti-Tcf4 polyclonal antibody (Proteintech) or control IgG. The immune complexes were eluted, reverse cross-linked using 5 M NaCl, and purified by using PCR purification kit (Qiagen). The supernatant of an IP reaction carried out in the absence of antibody was purified and diluted 1:100 as total input DNA control. SYBR green qPCR analysis were performed as described above using sense and anti-sense primers against the promoter region of interest (Supplemental Table 2 ). Relative fold changes were calculated as 2-ΔΔCt. The PCR products were also analyzed on 1.5 % agarose gels.
Immunocytochemical staining of cultured cells and immunohistochemical staining of mouse brain tissues
The primary antibodies including mouse anti-synaptophysin (M0776, Dako), antiacetylated α-tubulin (322700, Invitrogen), anti-vGlut2 (Abcam); chicken anti-NFH (Aves), anti-MAP2 (Aves), anti-TH (Aves); rabbit anti-TCF4 (22337-1-AP, Proteintech), anti-GFP (A11122, Invitrogen); and goat anti-TCF4 (48948, SCBT) were purchased from indicated vendors.
Cells were fixed for 10 minutes in 2% paraformaldehyde and 15% sucrose in PBS. After three rinses, the cells were treated with 0.5% Triton X-100 PBS for 20 minutes and blocked by 10% serum or 2% bovine serum albumin/PBS for 1 hour. Cells were incubated overnight at 4°C with primary antibodies. After rinsing three times, cells were incubated with secondary antibodies for 1 hour and with hoechst for 5 minutes.
After three rinses with PBS, the cells were mounted with a coverslip using anti-fading aqueous mounting media (Biomeda, Foster City, CA, www.biomeda.com) and analyzed under fluorescence microscope.
Mice were euthanized with an overdose of pentobarbital solution and transcardially perfused with 4% paraformaldehyde. The brains were dissected, postfixed overnight in the same fixative, and cryopreserved with buffered 30% sucrose. A series of coronal sections of brain at 40 µm thickness were cut on a freezing sliding microtome and each 8th section was collected into buffered 30% sucrose and stored at -80°C. Then standard multiple-labeled immunofluorescent staining was performed.
Briefly, sections were permeated for 30 min in PBS containing 0.5% Triton X-100 and blocked with 10% normal donkey serum for 30 min. The sections were incubated with indicated primary antibodies in PBS with 0.1% Triton X-100 overnight at 4°C. After washing three times each for 10 min, the sections were incubated with corresponding Alexa Fluor® conjugated donkey secondary antibody (1:400; Invitrogen, Grand Island, NY) for 1 hour at room temperature. Hoechst 33258 was used for nuclear counterstaining. For confocal imaging analysis, samples were viewed on a Leica SP5 confocal microscope system. Differential visualization of three or four fluorophores including Alexa-488, Alexa-594, Alexa-657 and Hoechst 33258 was obtained via specific filter combinations. Samples were scanned sequentially to avoid any potential for fluorophore bleed-through. The Z-stack scanning images (1024 x 1024 pixels) through 0.5 or 1.0 lm optical sections were obtained under identical exposure conditions and processed through the build-in processing tools. Tiff images and 3-D movies were explored for analysis. ImageJ was employed for spine density, neurite branching and length. Analyses were performed as described above.
Statistical analysis
All statistical analyses were performed using SPSS version 20. Significance was determined between multiple genotypes using a one-way ANOVA with Tukey post-hoc or Games-Howell post-hoc analysis (depending on the variance). Genotype was the independent variable. An unpaired student's t-test was performed between two groups of different treatments. Significance was determined at the 95% confidence interval.
